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ABSTRACT
An experimental investigation has been conducted to
characterize the fluctuating density within a high-temperature
(1100 K) subsonic jet and to characterize the noise radiated to
the surroundings. Cross correlations obtained by introducing
time delay to the signals detected from spatially separated
crossed laser beams set up as a Schlieren system were used to
determine radial and axial distributions of the convection
velocity of the moving noise sources (eddies). In addition, the
autocorrelation of the fluctuating density was evaluated in the
moving frame of reference of the eddies. Also, the autocor-
relation of the radiated noise in the moving reference frame
was evaluated from cross correlations by introducing time
delay to the signals detected by spatially separated pairs of
microphones. The radiated noise results are compared with
Lighthill's theory and with the data of Lush. Radial distribu-
tions of the mean velocity were obtained from measurements
of the stagnation temperature, and stagnation and static pres-
sures with the use of probes.
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1. INTRODUCTION
Perhaps the most significant obstacle to the full understanding of the noise sources in free jet flows
is the formidable task of experimentally characterizing the turbulence generated in the shear region. A
complete experimental evaluation of the distribution of fluctuating quantities (or noise sources) within
jets and the determination of the contribution of each source to the noise radiated at a particular loca-
tion outside the jet appears at present to be almost unobtainable in a practical sense. This is true even
with the use of recently developed instrumentation methods coupled with the use of high-speed computers
for data analysis purposes. Thus, any investigation of the fluctuating quantities related to the radiated
noise requires simplifications in terms of a model that "represents" the real situation.
The experimental investigation to be discussed pertains to one method of characterizing the fluctuat-
ing quantities that generate the noise as well as to a method of characterizing the noise that is radiated
to the surroundings. In particular, the fluctuating densities in a high-temperature subsonic jet have
been characterized by the use of cross correlations that were obtained by introducing time delay to the
signals detected from spatially separated crossed laser beams that were projected through the jet. The
lasers were set up as a Schlieren system. From the cross correlations of the spatially separated beams
the convection velocity of the moving eddies and the fluctuating density autocorrelations were evaluated.
Conceptually the eddies consist of statistically random fluctuations in density that can be identified as
they move along the flow direction. These eddies are considered to be the noise sources. The density
autocorrelation is the envelope of a family of the cross correlation curves. This autocorrelation func-
tion is the intensity of the density fluctuations (2T1 pI p') in the moving frame of reference of the ed-
dies, or also; it is the Fourier transform of the fluctuating density spectrum.
Simplifications introduced into the data analysis procedure include the assumptions of isotropy and
homogeneity; however, a method of treating nonisotropic fluctuations is discussed. Then, even though
radial as well as axial distributions of the intensity of the density fluctuations and of the convection
velocity were obtained, the characterization is based on a model consisting of point noise sources con-
centrated along the axis of the jet; consequently, it was assumed that the noise was essentially being
radiated from a line antenna.
A distinct advantage in an experimental sense of dealing with the fluctuating density rather than
with the fluctuating pressure is that the density and the two-point correlations can be evaluated compara-
tively easily without disturbing the flow. Such disturbances could occur, for example, with the use of
probes, particularly since two probes close to each other would be required in order to obtain two-point
correlations.
The radiated noise is compared with the theory of Lighthill (Ref. 1) and with some of the data obtain-
ed by Lush (Ref. 2). In addition, it is characterized in terms of the noise cross-correlation coefficient
and the autocorrelation function in the moving frame of reference of the eddies. Correlations of the
radiated noise were evaluated from the signals obtained with pairs of microphones by introducing time
delay.
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The experiments were conducted in an anechoic chamber. The jet flow emerged from a convergent-
divergent nozzle in which flow separation occurred downstream of the throat because the nozzle was con-
siderably overexpanded. Consequently, a shock structure was established but was contained entirely within
the nozzle and the flow was subsonic and shock-free at the nozzle exit as verified by Schlieren and shadow-
graph observations. The average stagnation temperature at the nozzle inlet taking into account all tests
was about 1100 K (15200 F) and the Mach number at the nozzle exit was about 0.5. Radial distributions of
mean values of the velocity, stagnation temperature, stagnation pressure and static pressure were obtained
in the jet with the use of probes.
2. CONVERSION OF LIGHTHILL'S THEORY TO THE POINT SOURCES
The theoretical work of Lighthill (Refs. 1 and 3) is based on the concept of quadrupole sources dis-
tributed over the volume of the jet. The analysis of the experimental data to be discussed, however, is
based on the model of point noise sources concentrated along the axis of the jet. Measurements were made
throughout the jet region with the laser beams to obtain radial and axial distributions of the fluctuat-
ing density; however, the amount of such mapping is far from adequate for direct use in Lighthill's theory.
Nevertheless, it is possible to demonstrate that the Lighthill theory can be converted into a form which
for quadrupole sources resembles the autocorrelation function derived directly from the point-source model..
The analysis of this conversion is omitted for brevity; however, the procedure followed includes (1) inte-
gration of the cross correlation function over a noise source (or eddy), (2) integration over the cross
section of the jet, and (3) conversion of the integral along the axis to an integration of the emission
time. The emission time is the time interval required for the noise to propagate from a source to a micro-
phone. During this time interval the noise source will have traveled to a new location. The final expres-
sion for the correlation function is
1 2 sin l cos 01] [2 sin 02 cos e ] r1 r 
C(T) 1 q x - a M 0o - tel, t ; t* _ 0 + 2- dt (1)
16T J1 rl c 1 Mc cos r 21 Mc  02] 3 e a 
Equation (1) corresponds to 5he point-source model, Eq. (A3-1) of Appendix A3. It should be noted that in
Eq. (A3-1) the factor 1/16 IT has been included in the definition of the source strength and as a conse-
quence is contained in the noise autocorrelation function Vn. The trigonometric terms in the numerator of
Eq. (1) result from the definition of the quadrupole as does the quantity [1 - Mc cos 02] being a cubed
term instead of a squared term. Vq in Eq. (1) is the autocorrelation function of a quadrupole in the mov-
ing frame of reference of the eddies. Its functional relationship is similar to that of Tn of Eq. (A3-1).
The two equations are identical in content.
3. EXPERIMENTAL FACILITY
The experiments were conducted in an anechoic chamber which is described in Ref. 4. During these ex-
periments air from the outside was drawn into the chamber by the small decrease in ambient pressure in-
side, which was caused by the injector action of the jet. Before entering the chamber the outside air was
distributed behind the wedge blocks that lined the room, and then the air entered through small spaces be-
tween the wedges as shown in Fig. 1. This minimized the possibility that significant recirculating flow
patterns would occur inside the chamber.
Compressed air was supplied on a steady state basis by a compressor plant facility and was heated
using a turbojet burner. The burner was located a considerable distance (227 cm) upstream of the nozzle
so that good mixing of the flow could occur before it entered the nozzle. The diameter of the duct locat-
ed between the burner and the nozzle was 30.5 cm. The nozzle throat diameter was 4.1 cm; thus the con-
traction area ratio was large with low velocities upstream of the nozzle.
The noise produced by the upstream configuration was evaluated from measurements obtained with a
19 mm diameter dynamic microphone probe which was inserted on the centerline inside the large duct at a
distance of 70 cm upstream of the nozzle exit plane. The probe had a nose cone and sensed the static
pressure fluctuations. These tests were conducted under cold flow (ambient temperature) conditions over
a range of stagnation pressures including the pressure at which the hot flow tests were made. The up-
stream noise inside the duct was predominantly a pure tone at 560 Hz; however, pure tones were not ob-
served outside the jet under hot flow conditions. Hence, the noise generated in the flow upstream of the
nozzle was not considered to be a significant contribution to the noise radiated from the jet.
4. INSTRUMENTATION
The noise radiated from the jet was measured with 3 mm and 6 mm dia. B&K microphones. They were
placed in the vertical position such that the tips were on a horizontal plane passing through the centerline
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Figure 1. Anechoic Chamber Test Facility
of the jet. Hence, the sound waves grazed over the surfaces of the sensing elements. Eight microphones
were located in a 60 cm diameter circle outside the jet stream. A diagram of the arrangement is shown
in Fig. 2. The detected noise signals were recorded on magnetic tape and played back through a correla-
tion instrument to obtain cross correlations. The procedure used to analyze the noise signals is discus-
sed in Appendix A3.
Crossed laser beams from helium-neon sources were set up as a Schlieren system and projected through
the jet as shown in Fig. 2. The beams, about 3 mm in diameter, were deflected by gradients in the re-
fractive index which is related to the density by the Gladstone-Dale constant. Hence, fluctuations in
density could be obtained from signals detected by the crossed-beam Schlieren arrangement. One beam was
vertical and five additional beams, which were horizontal, were separated spatially across the diameter
of the jet. Horizontal separation along the flow direction was obtained by moving the lasers to differ-
ent locations during an experiment. Thus the jet could be scanned in both directions. The vertical beam
could also be moved in either of two directions by adjusting a series of mirrors. Alignment of the
knife edges of the Schlieren system and the reasons for the chosen alignment is discussed in Appendix A2.
The detecteu laser signals were recorded on magnetic tape and then played back through a correlation in-
strument to obtain the cross correlations in the same manner as the noise signals. The analysis that was
used to interpret the laser signals is discussed in Appendix A2 also.
Radial distributions of the mean jet velocity were determined from pitot pressure, static pressure,
and from stagnation temperature measurements across the flow. Manometers were used to measure the pres-
sures and shielded thermocouples were used to determine temperatures. Numerous probes mounted in line
were used to obtain these pressures and temperatures.
The stagnation pressure at the nozzle inlet was measured with a pitot probe and the stagnation tem-
perature at this location was obtained with a thermocouple probe.
Both Schlieren (in addition to the laser system) and shadowgraph systems were used to observe the
flow patterns within the jet.
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Figure 2. Instrumentation Locations
5. NOZZLE FLOW FIELD
The jet flow discharging from the nozzle exit plane was subsonic; however, for a portion of the dis-
tance downstream of the throat within the nozzle the flow was supersonic. Consequently, a discussion of
the flow field inside the nozzle is needed to clarify this transition.
At the nozzle inlet the stagnation temperature averaged over numerous tests was 11000K (1520°F) and
the average stagnation pressure was 3.48 bar (50.4 psie). The variation in temperature was not more than
i 15°K and the variation in pressure was not more than i 0.024 bar. The flow discharged into air at vir-
tually atmospheric conditions inside the anechoic chamber from a onic ber rom  co vergent-divergent nozzle which was
considerably overexpanded. The measured pressure inside the anechoic chamber was only 0.006 bar less
than atmospheric pressure, Flow separation occurred inside the nozzle in the divergent section downstream
of the throat as indicated by the pressure rise shown below the sketch of the nozzle in Fig. 3. At the
flow separation location the Mach No, near the wall was 2.2 An oblique shock wave associated with the
separation was established near the wall of the nozzle as shown in the figure. This wave projected down-
stream and intersected with a normal shock (shock stem or Mach disk) which crossed the centerline. The
reflected oblique wave which projected downstream of this wave intersection was then reflected again from
the separated flow region. This second reflection was deduced from a second rise in the wall static pres-
sure as indicated in Fig. 3. Separated flow near the wall occurred between the two oblique waves as well
as downstream of the second oblique wave, Thisll s concluded from the observed constant wall pressures
in these two regions even though the pressure levels differed,
The measurements that were made to locate these waves consisted of (1) wall pressures from which the
flow separation and the angles of both of the oblique waves were determined, and (2) pitot probe pressure
measurements along the centerline in a cold jet from which the existence and location of a normal shock
wave which crossed the axis was established. These waves were probably curved, rather than being straight
as shown. Their actual shapes are not known because the extent of the measurements was too limited. Ad-
ditionel discussion of these waves and the corresponding flow field may be found in Ref. 5. In addition,
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the transonic flow field in terms of radial and axial distributions of Mach No. as determined experimental-ly is given in Ref. 6. The existance of additional weak oblique shock waves (not shown in Fig. 3) whichemanated from a location near the tangency between the circular-arc throat and the conical divergent sec-
tion is discussed in Ref. 7. Flow separation and reattachment that occurred in the vicinity of the curvedinlet section when the nozzle inlet was attached to a constant-diameter duct upstream is presented in Ref.8. Additional flow information together with wall heat transfer measurements which show the boundary lay-er laminarization effects appear in Ref. 9.
The jet was steady during the experiments discussed here and did not oscillate about the centerline
of the nozzle. Such oscillations did occur at lower stagnation pressures when the flow separation point
was farther upstream; however, no data was acquired under those conditions.
The origin of the "free jet", although contained, was actually inside the nozzle downstream of theflow separation point. In the laser beam and in the noise analyses the distances along the flow(x-direction), however, are referenced to the nozzle exit plane. Just downstream of the Mach disk thediameter of the jet was estimated to be about 6 cm and the Mach No. was 0.5. The jet velocity correspond-ing to this Mach No. is 310 m/sec. The velocity at the nozzle exit plane was probably somewhat lower;
however, its value was not determined. For convenience the flow conditions are given in Table 1. All ofthe shock waves were contained within the nozzle. No such waves were observed in the jet downstream ofthe exit plane with Schlieren and shadowgraph systems that were used for this purpose.
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Table 1
Flow Conditions, and Laser Beam and Microphone Locations
Jet Diameter D, at Flow Separation (Fig. 3) = 5.6 cm
Mach No. at Flow Separation (Fig. 3) = 2.2
Mach No. Downstream of Normal Shock (Fig. 3) = 0.5
Velocity Downstream of Normal Shock (Fig. 3) = 310 m/sec
Average Nozzle inlet stagnation pressure = 3.48 bar (50.4 psia)
Average Nozzle inlet stagnation temperature = 11000K (15200 R)
Anechoic chamber pressure = 0.98 bar (14.2 psia)
6. JET FLOW FIELD
The radial distribution of the mean value of the jet velocity U, was determined from measurements of
the stagnation pressure, the static pressure and the stagnation temperature. This velocity distribution,
vertically across the diameter, is shown in Fig. 4 at a distance of 116 cm downstream of the nozzle exit
plane. This distance is about 22 jet diameters downstream of the flow separation location in the nozzle
with the jet diameter based on the flow separation diameter shown in Fig. 3. It is evident that at this
axial location the maximum jet velocity was about 110 m/sec (Mj = 0.27) and that the diameter of the jet
had grown to about 60 cm. The region of highest shear (maximum 6U/6y) at this axial location occurred over
a radial distance between about 5 and 15 cm. The ratio of the jet mass flux to nozzle mass flux was 13.6.
Also shown in Fig. 4 is the radial distribution of the convection velocity of the eddies Uc, which
was determined from laser beam measurements at five positions spaced vertically across the diameter of the
jet. The data shows that both the jet velocity and the eddy velocity are reasonably symmetrical about the
centerline of the jet. Additional results of the convection velocity are discussed in the next section.
Radial distributions of the stagnation pressure, stagnation temperature and static pressure referenc-
ed to ambient conditions are shown in Fig. 5. It should be noted that the static pressure in the flow is
below ambient pressure, even this far downstream. If it had been assumed that the static pressure were
the same as the ambient pressure, the maximum velocity would have been calculated to be about 7 per cent
lower than shown in Fig. 4 and the diameter of the jet would have been about 13 per cent smaller.
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7. CONVECTION VELOCITY
The convection velocity of the eddies Uc, was evaluated at the axial locations where laser beam mea-
surements were made (Fig. 2). It was determined by the separation distance of the laser beams 5, divided
by the appropriate time delay T, and is based on the loci of the tangent points of the envelope curve for
the experimental cross correlations. A comparison of the radial distribution of the convection velocity
with the jet velocity is shown in Fig. 4 at a distance of 116 cm from the nozzle exit plane. It is evi-
dent that the distributions follow the same trends. At the centerline the ratio of the convection velo-
city to the jet velocity is 0.9 and near the outer limits of the convection velocity curve shown, the
ratio of local convection velocity to local jet velocity is more nearly 0.8. Radial distributions of the
convection velocity at the other axial locations are shown in Fig. 6. The distributions are essentially
symmetrical about the centerline and the peak values decrease along the flow direction. The crossover of
the curves near the outer edges is a result of the spreading of the jet as the distance from the nozzle
exit plane increases.
u 240 , I ,
x = 28.8 cm
U 200
u 160
Z 120
0
U
"' 80
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10
Figure 6. Radial Distributions of
Convection Velocity
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Figure 8. Experimental Correlations of Fluctuating Density vs Time Delay
Distributions along the axial direction at various radii are shown in Fig. 7. At the larger radii
the convection velocity would be zero at the nozzle exit (outside the jet). Farther downstream as the jet
spread to the particular radius, at which a measurement is being made, the velocity of the eddies would
be observed. A maximum value would be expected before the velocity decayed. Such a trend is apparent at
radii of 7°5 and 10 cm. Near the centerline there was a continuous decayo A convection velocity of
125 m/sec, which is based on an average throughout the jet, was chosen for evaluation of the noise auto-
correlation function in the moving reference frame.
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8. EXPERIMENTAL DENSITY FLUCTUATIONS
Typical cross correlations Qs, of the density fluctuations vs time delay T, are shown in Fig. 8. At
zero separation distance of the vertical and of the horizontal beams (5 = 0) the curve is symmetric about
T = 0. A decay in the intensity, that is, in the peak values of the curves, occurs as the separation dis-
tance is increased. The upper envelope of this family of curves is a smooth function as shown. It is the
autocorrelation function 2 p p ', in the moving frame of reference of the eddies, that is, 21T Q, or also;
it is the Fourier transform of the fluctuating density spectrum. The locations of the laser beams are
shown in the sketch in the upper right-hand corner of Fig. 8. The radius of the measuring station was
10.0 cm. At this axial location of x = 28.8 cm the results obtained at other horizontal beam positions
resemble those shown in Fig. 8. The peak correlation values differ, however, as does the steepness of
the cross correlation curves, and, of course, the convection velocity.
Distributions across the jet of the rms density fluctuations are shown in Fig. 9 at three axial loca-
tions. The position of the vertical beam was about 2 cm off-axis for the two upstream locations as shown
in Fig. 2 and given in Table 1, but it was on the axis for the farthest downstream location. At the far-
thest upstream location (x = 28.8 cm), where the stagnation temperature on the axis of the jet was esti-
mated to be about 1000 K, the ratio of the rms density fluctuation, at a radius of 10 cm, to the mean
density at the centerline was 0.21. At the farthest downstream location (x = 121.8 cm), where the stag-
nation temperature on the jet axis had decreased to about 400 K, the ratio of the rms fluctuating density
to the mean density on the jet axis had decayed to 0.008. Minima which occur in the horizontal plane pas-
sing through the center of the jet are inferred from the curves. At 28.8 cm the distance from the flow
separation location is about 7 jet diameters based on the flow separation diameter. At 66.4 cm this dis-
tance is about 13 jet diameters. The larger fluctuations at 13 jet diameters do not contribute as much
to the radiated noise as do the fluctuations farther upstream. This is deduced from the results of the
noise data discussed in the next section. There, it is evident that the maximum noise intensity occurred
at about 4 jet diameters from the flow separation location and that farther downstream there was a con-
tinuous decrease in noise intensity. Thus, further clarification is needed before a relationship between
the density fluctuation and the radiated noise can be established.
The largest density fluctuations occurred at the larger radial measuring stations of the jet, as
shown in Fig. 9, in the region of the highest shear. At the farthest location downstream, about 23 jet
diameters, the distribution is essentially uniform even in the region of maximum shear. This farthest
downstream position is very near the location at which the radial distribution of the velocity is shown
in Fig. 4.
Distributions of the most significant variables related to the fluctuating density are shown in terms
of the peak rms fluctuating density (Fig. 9), the convection velocity (Fig. 4), and the time scale of the
moving density autocorrelation, which is the time delay at which the rms density fluctuation has a value
equal to one-half of its maximum value (Fig. 10). This time scale is nearly constant in the central re-
gion across the jet but is larger at the radius of 10 cm, which corresponds to the radius of the Fig. 8
results. In the central region of the jet the time scales are typically about 0.25 milliseconds; whereas,
0.16 I 1 l I I I i 
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the corresponding time delay scale of the moving noise source is more nearly 0.1 millisecond as deduced
from the noise correlations discussed in the next section. The density fluctuation correlations, how-
ever, should not be compared directly with the noise correlations. Instead, as discussed in Appendix A2,
it is the second derivative of the pt pI fluctuations with respect to time delay 7, which is related to
the density autocorrelation Yd, and hence to the noise autocorrelation Yn. Additional experimental data
is required before this can be done with sufficient accuracy.
The decay of the rms value of the density fluctuations vs beam separation along the flow is shown in
Fig. 11. These results are given at only three radii at each axial location for clarity but indicate
typical trends. The higher rms values at x = 66.4 cm at the larger radii are evident in this figure also.
It is apparent that the decay in intensity of the eddies in the high shear region (outer radii) occurs
over a comparatively short distance.
In the experiments the two-point correlation of the density fluctuation Q, was evaluated from the
crossed laser beam measurements at several locations. From these values of Q the second time derivative,
which is related to the density autocorrelation, was obtained by means of a computer program. An example
of the second time derivative is shown in Fig. 12. In this figure the most important result is the maxi-
mum value, which occurs at zero time delay. The location at which the curve crosses the horizontal axis
is shown also. The significance of the peak value is that it can be introduced into Eq. (A2-22) together
with the mean velocity gradient to obtain the fluctuating density autocorrelation function Yd. Then the
relationship between the fluctuating density inside the jet and the noise radiated outside can be estab-
lished by the relationship between Yd and Yn- The evaluation of Yn is discussed in the next section.
Determination of the relationship between yd and yn, however, is beyond the scope of this investigation.
9. RADIATED NOISE
The noise radiated from the jet is presented in two ways, first in terms of a 1/3 octave band analy-
sis compared with Lighthill's theory of convected quadrupoles (Ref. 1) together with a comparison of some
of the cold flow data of Lush (Ref. 2), and second it is characterized in terms of the noise cross corre-
lation coefficient as well as the autocorrelation function in the moving reference frame of the eddies.
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0
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Figure 11. Decay of Density Fluctuations vs Beam Separation
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In Fig. 13 the differences in sound pressure levels between Lighthill's theory and the experimental
values are shown as a function of the non-dimensional frequency parameter fD/ao, for various values of
the emission angle 8. The experiments were conducted for only one value of nozzle exit velocity; hence,
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Figure 1. Comparison of Differences in Sound
Pressure Levels With Lighthill's Theory
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Figure 13. Comparison of Differences in Sound
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comparisons over a velocity range are not made. The experimental results shown were obtained with micro-
phone Nos. 9 through 14 shown in Fig. 2. The locations of these microphones are given in Table 1. In
order to be consistent with the model of convected sources the observed frequency is corrected for a
Doppler shift so that the same source frequency is examined for any emission angle. The equation for this
relationship in terms of the intensity referenced to an emission angle of 90 is
R90 I ( f {[l - M cos sB2 + a M2 }' 90 )(
I (fs) 2 = 5/2 (2)
R i t{[l - Mc cos B]2 + a Mc2
Equation (2) is based on Lighthill's prediction for the far field intensity of the noise generated by a
turbulent flow as modified by Ffowcs Williams (Ref. 10) to apply to the noise radiated from a jet. See
also the discussion by Lush (Ref. 2).
Lush showed good agreement between Lighthill's theory and his experimental results for emission
angles near 90 over a significant range of the frequency parameter. The data of the present investiga-
tion is referenced to an emission angle of 78 which is considered sufficiently near 90 for extrapola-
tion to 90 without much loss in accuracy. Thus for the reference condition of B = 78 Eq. (2) becomes
I | [l-M cosS] +a Mc 
2 +~H2R 7 8 [1 - Mc cos 78]2 + 2 Mc 2'
zR | 1 ~ Mc ]2 2 Ha 2 5/2 (3)
[1 - M cos 78] +2 2M
c C
The data of the present experiments shown in Fig. 13 were corrected with the use of Eq. (3). Furthermore,
the convection velocity Uc, was chosen to be 200 m/sec. Thus Mc = 0.58. This selected value of Uc is
based on the distributions shown in Fig. 7. At the nozzle exit (x - 0) the radius of the jet was about
3 cm; hence Uc 200 m/sec and since Uo0 310 m/sec, Uc/UO - 0.65. This is the same value of Uc/UO used
by Lush who made use of the results obtained by Davis, Fisher and Barratt (Ref. 11). The quantity a was
chosen to be 0.3 as used by Lush.
The results in Fig. 13 indicate that for low angles and high frequencies Lighthill's prediction (the
zero dB line) is higher than the experimental data. This probably occurs because of the absence of ap-
propriate accountability in the theory for the effects of refraction of the noise by the flow, and of the
convection amplification which results from the source moving with the flow or more slowly than the flow.
At low frequencies the experimental results are in reasonably good agreement with the theory especially
at the larger angles; however, there is still an effect of the emission angle at the smaller angles. The
comparison of the results at 0 = 35 with that of Lush at B - 34° is quite good over the entire frequency
parameter range despite the significant difference in the stagnation temperatures of the two sets of data.
This is the only emission angle common to the data of Lush and to the data of the present investigation.
Characterization of the radiated noise in terms of the autocorrelation function nlyn, in the moving
frame of reference of the eddies is shown as a three-dimensional display in Fig. 14. In this case the
convection velocity was chosen to be 125 m/sec (Mc = 0.36), instead of 200 m/sec, because the lower value
is more nearly a mean value over the extent of the jet as can be seen in Fig. 7. The effect of the con-
vection velocity on the results is largely associated with the relationship between the time t, and the
distance x. Since the correlation is determined primarily from geometric considerations, the distance
scale in Fig. 14 would not be affected very much by such a difference in velocity but the time scale
would. The autocorrelation function nYn(t, At) reaches a maximum at about 13 cm downstream of the noz-
zle exit plane and then decays to a small value in about 5 milliseconds or approximately 63 cm from the
nozzle. These distances correspond to about 4 and 13 jet diameters respectively from the flow separation
location inside the nozzle. The method of evaluating this autocorrelation function is discussed in Ap-
pendix A3 and is demonstrated by the use of numerical values in the next paragraph. To acquire the cross
correlations from which these results were obtained eight microphones were located in a circle as shown
in Fig. 2. The angular region 0, covered by the circular array, was between about 35 and 550° The ef-
fects of refraction and convection amplification are, of course, included in the experimental results even
though the moving point-source theory does not take these effects into account.
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Figure 140 Autocorrelation Function of the Radiated Noise
The following numerical example is a description of the method that was used to compute the autocor-
relation function shown in Fig. 14. A constant convection velocity of the eddies was assumed although
allowance for a variable velocity could be incorporated into the procedure. Three frequency bands center-
ed at 1, 3, and 9 kHz with a = 3 were used to evaluate 1l(At) using Eq. (A3-3) in Appendix A3. Note that
this a refers to frequency bands of Eq. (A3-3) and differs from the a of Eqs. (2) and (3)0 For ~ = 3,
the bandwidth is about 1.6 octaves. The time increment 6, which was used to evaluate gi(t2 ) in Eq. (A3-2)
was 1,0 ms. Five increments were used which made it necessary to determine gi at 6 nodal points.
The experimental correlations C(T), were evaluated from the signals of the following pairs of micro-
phones shown in Fig. 2: 1 and 5, 2 and 6, 3 and 7, and 8 and 4. Also, the autocorrelation of microphone
No. 1 (1 and 1 with time delay) was used. As an example of the shapes of these curves the experimental
cross correlation for Nos. 8 and 4 and the autocorrelation of No. 1 and 1 with time delay are shown in
Figs. 15 and 16. A fixed value of T and a particular orientation of a microphone pair determine a line in
the At,t2 plane. The correlation C(T) is a line integral of nyn along this line. To obtain information
about nYn in various regions in this plane, different varieties of such paths (and therefore different
orientations of microphones) were chosen. Points were then taken from each of these correlation curves
at different values of time delay T7, thereby establishing a set of simultaneous equations, In theory,
only a total of 18 values was required to evaluate the unknown coefficients since the number of nodal
points chosen was 6 and the number of frequency bands was 3. However, a total of about 100 was used for
better smoothing since the computation method involved the use of inversion by least squares. The source
function in terms of the frequency and time, i.e., nyn(fi,t2), obtained by this method for the three
bands (Ref. 12) is consistent with observed trends for subsonic jets. For example, the noise sources at
higher frequencies occur near the nozzle exit and the lower frequencies extend over a larger distance
along the jet.
A check on the inversion by least squares of the computation method using the coarse time step was
obtained by inserting the computed coefficients into Eq. (A3-1) and calculating values of C(T7) These
computed values are shown in Figs. 15 and 16 for comparison with the experimental values. It is evident
that the agreement is very good and hence, that the inversion gives good results.
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10. CONCLUDING REMARKS
In this investigation experiments were conducted on a high-temperature subsonic jet which separated
at a supersonic velocity inside the divergent portion of a nozzle. The separated jet flow progressed
through a shock structure contained entirely within the nozzle and then became subsonic before it reached
the nozzle exit plane.
It was demonstrated from measurements obtained within the jet flow outside the nozzle using spatially
separated crossed laser beams set up as a Schlieren system that the noise sources can be characterized by
radial and axial distributions of the convection velocity, the magnitude of rms density fluctuations, and
by correlations of the density fluctuations in the moving frame of reference of the eddies. Likewise, the
radiated noise was characterized by correlations of signals detected from pairs of spatially separated
microphones outside the jet. Based on this measurement technique of the radiated noise combined with the
use of the convection velocity, the autocorrelation function of the noise in the moving reference frame
of the eddies was evaluated together with the noise intensity and its spectral distribution. The analyses
of the noise sources and of the radiated noise are based on moving point sources in the jet. A feature of
these approaches is that they will lead to the determination of a relationship between the noise sources
inside the jet and the radiated noise outside the jet based on experimental measurements.
Comparisons of the experimental noise results with Lighthill's theory of convected quadrupoles indi-
cates good agreement at the lower frequencies, especially at the larger emission angles. At low angles
and at high frequencies Lighthill's prediction is higher than the data. It is believed that this differ-
ence results primarily from neglecting the effects of refraction and of limitations in the accountability
of convection amplification in the theory. The experimental noise results at one common emission angle
agree quite well with the data of Lush even though there was a large difference in the stagnation tempera-
tures of the jets investigated.
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Appendix
A 1 AUTOCORRELATION FUNCTIONS OF A MOVING NOISE SOURCE
Autocorrelation functions for the fluctuating density of a moving noise source can be determined for
a jet flow from measurements obtained by the crossed-beam laser-Schlieren method described in Appendix A2.
In addition, such functions for the radiated noise can be determined from the cross correlations of the
signals detected by a pair of microphones as described in Appendix A3. The moving source autocorrelation
functions are important because they can be used to obtain a description of the entire noise field. In
the moving reference frame fluctuations occur more slowly; hence, greater accuracy in time derivatives is
obtainable. Thus the intensity and spectrum of the fluctuating density within the jet and the intensity
and spectrum of the noise, which is related to the radiated sound pressure outside the jet, can be
evaluated.
The autocorrelation function in the moving frame of reference of the eddies may be determined as fol-
lows: First, let G(x,t) be a fluctuating random scalar function in the turbulent jet flow. In the present
investigation, for example, it would represent the fluctuating density. At every point x a convection
velocity Uc(E) is defined. If now a hypothetical probe is considered which senses a fluctuating quantity
and which follows the motion of the eddies at the convection velocity, the signal observed would be given
by G(xDo+t U dt,t) where Ho is the initial position. Thus the quantity G, is a function of time only
because x is a function of time taken along the trajectory of the probe.
The autocorrelation function obtained from the signals at different times (different locations) for
a probe moving at the velocity U, is given by the ensemble average of G as follows:
<[G ( + U dt,t)] [G ( + _ U dt,t + T)] >
The measurement obtained from the probe at one time after having been delayed by a time interval T is mul-
tiplied by the measurement from the same probe obtained sometime later. If it is assumed that G(x,t) is
locally homogeneous and locally stationary, that is the mean value of G is not changing with time,
< G(Eltl) G(X2't2 ) > Y (xtl1; -2 -l' 1 2 - tl) (Alol)
y is a slowly varying function of x and t when the flow is approximately homogeneous and approximately
stationary. For jets that are strictly stationary there is only a slow change of y with x and for this
case the right side of Eq. (Al-1) is equal to
t
"(24; x2 - -l' t 2 - tl) or y(x; so t )
that is, + U c (t)dt; U (t)T,T)
This varies slowly with t and rapidly with T. The coordinate x refers to the initial point at the nozzle
exit. This is the function which is obtained from the laser be-m cross correlations described in Appendix
A2. There, the method of obtaining the autocorrelation function in the moving frame of reference is
developed from the measurements of signals detected by the use of stationary beams. The noise autocorre-
lation function is converted to the moving reference frame by introducing the value of U determined from
the laser data.
A 2 LASER SCHLIEREN ANALYSIS
This discussion pertains to the evaluation of the autocorrelation function of the fluctuating density
for an observer that moves along the jet flow at the convection velocity of the eddies. The autocorrela-
tion function in this moving frame of reference can be obtained from the detected signals emitted by
stationary laser beams. This can be done either if several beams are displaced along the flow direction
or else if one of the beams is moved to different positions at which data is obtained. The analytical
procedure that will be followed is an extension of that used by Wilson and Damkevala (Ref. 13). A sketch
of a typical arrangement is shown in Fig. A 2-1.
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As shown in Fig. A 2-1 the origin of the coordinates x, y and z is on the centerline of the nozzle at
the nozzle exit plane. This figure represents a view looking upstream into the jet. Also, the coordinates
5, m and C are in the directions x, y and z respectively but their origin is at the location where the
vertical and the horizontal laser beams intersect. If the vertical and the horizontal beams are separat-
ed, this origin is located on the vertical beam at the intersection with a horizontal plane passed through
the horizontal beam. Thus, the displacement of a horizontal beam along the flow direction from the verti-
cal beam is taken to be + I. The coordinates in three dimensions are shown in Fig. A 2-2.
As the beam passes through the jet it is deflected wherever there is a gradient in the reiractive
index. It can be shown that if n is the refractive index, the angular deflection y, of the beam is given
by
YH(t) = a dT (A2-1)
H bax
yV(t) - a d (A2-2)
The subscripts H and V refer to the horizontal and to the vertical beams respectively. The dimensions L
and L
c
represent those portions of the beam lengths which lie within the jet diameter. Gradients of
the refractive index in Eqs. (A2-1) and (A2-2) are taken along the flow direction because it is only the
deflections that result from these gradients that will give correlations. If gradients perpendicular to
the flow are sensed, Schlieren signals will be obtained; however, their cross correlations would be zero.
Thus the knife edges of the Schlieren system must be aligned perpendicular to the flow for both the verti-
cal and the horizontal beams.
The output signals of the Schlieren detectors may be expressed as follows:
eH - SH . H Y(A2-3)
V V tV y (A2v4)
S is the sensitivity and t the beam length between the edge of the jet and the detector (Fig. A 2-1). The
signal from the horizontal beam is delayed by a time interval T, and thereby a correlation with the other
signal is obtained which is the average of the product of the angular deflections as follows:
< YH (tT V )> (t T) rv (t) > d (A2-5)
The relationship between the refractive index and the density is an/ax = a [ap/bx] where C is the
Gladstone-Dale constant. Then, if Q is defined as the experimentally determined cross correlation func-
tion, its value in terms of the density gradient is established by combining Eqs. (A2-3) and (A2-4) to
eliminate y and n, and by introducing the relation between the refractive index and the density. For con-
venience, the quantities obtained from measurements are grouped together and equated to those quantities
under the integrals that are to be determined. Thus
< eH(t - T) ev(t) >
SH Sv H V 2 ( Y < (x,y + I, z,t - T) ao (x + t,y,z + C,t) > didC (A2-6)2S Qs(X'y'z, T) = L a x
In Eq. (A2-6) by denoting functions of (y + I), (x + [) and (z + C) it is assumed that in general the
laser beams do not pass through the axis of the jet. However, this of course is not a requirement.
A2-1 Stationarity
Note that Q in Eq. (A2-6) is not a function of the time t, because of the stationarity of a real
jet. This is a valid assumption because the time period t, is orders of magnitude larger than the time
delay T, which is measured in milliseconds.
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rA2-2 Homogeneity
If in addition to local stationarity the fluctuations are considered to be homogeneous over dis-
tances for which the correlation in the integrand contributes appreciably to the integral, that is, if
there is a weak dependence on x, y and z but a strong dependence on [, m and C,
2
< d (x,y + T,z,t - T) 62 (X + +,y,z  C,t) > - <p(x· yzlt) P(X + AY - ,Z C,> + ) >
- Q(x,y,z; §, -1, C, ) (A2-7)
a2
The defined quantity Q, is the two-point correlation function of the fluctuating density. In a real jet
the condition of homogeneity is not strictly satisfied because of the growth in diameter along the flow
direction (development of the flow with respect to position). Nevertheless, at beam locations downstream
of the nozzle exit plane the influence of changes in §, 7 and C on the value of Q is much greater than is
the influence of the same changes in x, y and z.
It is permissible to extend the limits of integration to the range of - X to + X because the correla-
tion in the integrand vanishes for large distances of X and C, that is, beyond the boundaries of the eddy,
which can be no larger than the jet. Thus, combination of Eqs. (A2-6) and (A2-7) gives
W W a2
QS (xyz T) DI f a -2 Q(x,y,z; §, - , C, T) dT7dC (A2-8)
s(X'Y'Z''T).- = -m -o 
2
at
A2-3 Isotropy
The quantity to be determined in Eq. (A2-8) is the autocorrelation function Q; consequently, this
equation must be inverted. In order to simplify this procedure the fluctuations will be considered to be
isotropic. The assumption of isotropic fluctuations implies that fixed values of the cross correlation
coefficient are spherical surfaces. Furthermore, it implies that as the eddies move downstream they be-
come larger. Actually, however, the peak cross correlations become smaller; hence, the "sizes" (radii)
of the spherical surfaces become smaller until they finally diminish. Nevertheless, by assuming isotropy
Eq. (A2-8) becomes
Q (x.y, ; ,) = - Uc + 
2
, 2 ) dldC (A2-9)
Note that in Eq. (A2-9) the quantity [. UcT]2 has been substituted for 2. Uc is the convection velocity
of the eddies along [ (the flow direction); therefore, by this substitution Eq. (A2-9) has been converted
into the moving frame of reference of the eddies. The inversion can be accomplished by a change of var-
iables and mathematical manipulation. Thus, define R and p as follows:
R C [-U 2U + 1] + 2 (A2-10)
A E p - UCT (A2-11)
Next, consider the influence of x, y and z to be small compared to [, 7 and C and combine Eqs. (A2-9) and
(A2-10).
co W 2
Q(,) Q (R,T) d d§ (A2-12)
Then it can be shown that
C aR R (A2-13)
IIq L ]s liE C (A2-14)
2 R aR R 1R R R 
,C,T
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The area integral a j d1d: of Eq. (A2-12) which is the cross sectional area of the jet can be evaluated
by the following c ange of variable:
2 2 2
r 2 + 2 (A2-15)
The integration of r is from 0 to m. Thus
I I dndC· = 2T I rdr (A2-16)
For integration across the radial plane i and T are constant and from Eq. (A2-10) it can be shown that
rdr = RdR (A2-17)
The integration of R is from A to a. Therefore Eq.. (A2-12) becomes the following after introducing Eqs.
(A2-14), (A2-16) and (A2-17):
Qs(§,T) = -Z + R R RdR (A2-18)
By integration Eq. (A2-18) becomes
Qs(,rT) = 2T a- A Q (P,T)] (A2-19)
After a second integration and noting that A = - U T, the desired autocorrelation function Q can be made
the dependent variable.
1 2 = I+ U TQ(p,T) -r= C QS(,T) d[ (A2-20)
§=U T
c
Then by applying L'Hospital's Rule to Eq. (A2-20)
Q(O,Ti) = L[Qs(UcTTi)] (A2-21)
Thus the inversion has been completed for the condition of isotropy. The quantity Q is evaluated from
measurements made with the laser beams that project through the flow. These measurements are integra-
tions across the eddies. It can be shown, however, that at any fixed value of time delay T, the point
A=- 0 corresponds to the maximum values of the Q s(,T) vs t curves. This is accomplished by a'Taylor
series expansion and by the requirement of symmetry around A = 0. It means that the convection velocity
Uc, introduced into Q in Eq. (A2-9) can be evaluated experimentally from the Qs(§,T) curves. This con-
vection velocity has significance in itself; however, it is also introduced into the relations that
characterize the radiated noise.
The quantity which is related to the noise source term in the acoustic equation is the second deriva-
tive of Q(O,Ti) with respect to time delay T. The subscript i denotes the values of T which establish the
envelope of the family of cross correlation curves. Thus the noise radiated outside the jet is related to
the fluctuating density inside the jet as follows:
L ay 2 (A2-22)
The validity of the assumption of isotropy for the fluctuating density is not known by experiment at
the present time; consequently, the possibilities of relaxing this assumption by means of other models are
in order.
A2-4 Nonisotropic fluctuations
Consider a more realistic concept, that for which the surfaces formed by constant values of the cross
correlations are ellipsoidal (rather than spherical) with the major axis a, oriented along the flow in the
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t direction. The other two axes b and c, are not necessarily equal. For this case Eq. (A2-9) may be
written as
QS(x
'
y
'
z; 
'
T) = f f Q xyz; + + 2 T dd (A2-23)
-a - at a b c
By following the same procedure of inversion as for the isotropic case, Eq. (A2-21) becomes
Q(OT [ ] [Q8(UCTTi)] (A2-24)
Eq. (A2-24), which applies for ellipsoidal surfaces is the same as the isotropic relation except for the
factor [a2 /bc]. Hence, it is apparent that this term increases the autocorrelation function because it
is likely that the elongation occurs along ~ (or x) in the direction of largest flow expansion of the jet.
An experimental evaluation of the factor [a /bc] for the fluctuating density has, however, not been accom-
plished. Therefore, this approach cannot be used in the analysis of the data unless it were merely for
comparative purposes with the use of selected values of [a2 /bc]. This has not been done, however. When
spherical symmetry does not exist, the rotational effect must also be taken into account, however, this
effect is not considered here.
A 3 MICROPHONE ANALYSIS
The theory for the evaluation of the autocorrelation function Yn, of the radiated noise as determin-
ed from measurements obtained with the use of pairs of microphones is described in detail by Parthasarathy
in Ref. 12. There, stationary noise sources are considered first and then the theory is extended to mov-
ing sources such as those that occur in subsonic and in supersonic jets. For subsonic jets, as considered
in this investigation, the experimentally determined cross correlation function C(T), may be expressed as
Y(t - T arl (t - T) , t - (t) dt
C(T) - n I 2 (A3-1)
r1 (t - T)[1 -M Cos e(t - T)] r 2 (t) [1 - M Cos e 2 (t)]
The lower limits of integration are:
T2 if T2 > T1 + T
T
1
+ T if T
2
< T
1
+ T
In Eq. (A3-1) the autocorrelation function of the noise Y , contains the constant 1/16 T2. The cross cor-
relation function C(T), is evaluated from experimental measurements and the unknown variable is the auto-
correlation function of the noise Yn, in the moving frame of reference of the eddies. Thus, in order to
evaluate Yn Eq. (A3-1) must be inverted. To do this it is convenient to consider Yn as a function of a
time difference At = t
2
- t1 and t2 . By referring to Eq. (A3-1) it will be noted that if t2 is set equal
to (t - r
2
(t)/ao), then At is (r2 (t)/ao - rl(t - T)/ao + T). It is also convenient to represent Yn in the
form
N
1
nyn(At,t2 ) = gi(tt2 i(At) (A3-2)
i=l
Thus, gi is a function of t2 only and 0 is a function of At only. The quantity Oi(At) is chosen to be
the autocorrelation functions representing the noise in the various octave (or wider) bands N1 . These
functions are of the type (Ref. 12):
sin Y1 2Tf tAt
i(t) = os 2fi 1 2 At (A3-3)
W+4l i
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Thus, Eq. (A3-3) represents an autocorrelation function for each chosen band. The frequency fi, is at the
center of this band and the ratio of the highest frequency at the edge of the band to the lowest frequency
is a. For an octave band, a = 2.
The other function in Eq. (A3-2), gi(t2 ), is taken to be piece-wise linear with value gi(j6) defined
at the nodes O, 6, ---j6---N2 6 along t2. Therefore, in Eq. (A3-2) there are N1 N2 unknown coefficients
that must be determined to evaluate Yn. These coefficients can be determined from a set of simultaneous
equations that result from the use of Eq. (A3-1) if known values of the cross correlations and of the
autocorrelations are introduced for C(T). Evaluation of the unknown coefficients involves the use of in-
version by least squares. Only positive values of the coefficients are selected since the noise is being
radiated out of the jet. A numerical example of the procedure is given in Section 9, RADIATED NOISE.
NOTATION
a,b,c g, ' and C axes of ellipsoid respectively
Eq. (A2-23)
a speed of sound at ambient conditions
o
C cross correlation function
D diameter of jet at flow separation
e voltage signal output of laser detector
f frequency
g a function of time, Eq. (A3-2)
G a fluctuating random scalar function
I noise intensity
It beam length between edge of jet and knife edge
L that portion of the laser beam length which
lies within the jet diameter (Fig. A2-1)
M Mach number based on speed of sound at
ambient temperature
M jet Mach number based on speed of sound at
jet temperature
n number of sources per unit time which emit
sound; also the refractive index
N1 number of frequency bands
N2 number of nodal points
p static pressure
Pt stagnation pressure
pw static pressure at the wall
Q two-point correlation of the density
fluctuations = p- 
Q experimental cross correlation function of
the laser signals
R defined by Eq. (A2-10); also the distance
from the center of the nozzle at the exit
to a microphone, Eqs. (2) and (3)
r distance from noise source to microphone;
also a variable defined by Eq. (A2-15)
S sensitivity of the detector
t,t* time
T time required for sound to travel from the
nozzle exit (origin of first sound wave) to
a microphone, Eq. (A3-1); also temperature
U mean jet velocity
Uc convection velocity of the eddies
UO mean jet velocity at the nozzle exit or
downstream of the normal shock wave
x* axial distance from flow separation location
inside the nozzle
x,y,z coordinates with the origin at the nozzle
exit, see Figs. (A2-1) and (A2-2)
ta ratio of highest frequency at the edge of a
band to the lowest frequency of the band,
Eq. (A3-3); also a factor in Eqs. (2) and (3)
emission angle, the angle between the jet
axis and the line joining a microphone with
the center of the nozzle at the nozzle exit
plane
y angular deflection of a laser beam
6 time increment
¢ Gladstone-Dale constant
coordinate along the z direction with origin
on the horizontal laser beam, see Fig. (A2-2)
coordinate along the y direction, see
Figs. (A2-1) and (A2-2)
0 angle between the jet axis and a line drawn
from a noise source to a microphone
coordinate in moving reference frame,
equal to g - UcT
coordinate along the x direction, or beam
separation distance, see Figs. (A2-1) and
(A2-2)
P
T
density
time delay
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T* time delay for which the rms density fluctua-
tions decay to one-half the maximum value
(P autocorrelation functions representing the
noise in the various frequency bands,
Eq. (A3-3)
Y autocorrelation function in moving frame of
reference of the eddies
( ) denotes "function of"
[] or { } denotes 'multiplied by"
< > denotes averages
denotes a vector quantity when it appears
beneath a symbol
SUBSCRIPTS
a ambient conditions inside the anechoic
chamber
c convection of eddies
n noise
q quadrupole
t stagnation condition
V vertical beam
0 at angle 8 with respect to the jet axis
C along the C direction
along the m direction
along the g direction
0 initial condition; also nozzle inlet
condition
1,2 microphone numbers; also different times or
locations; also indexes
78,90 780 and 900 with respect to the jet axis
d density
e emission conditions
H horizontal beam
i index
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SUPERSCRIPTS
fluctuating quantity (indicated in figures
but not in equations)
- average value
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